ABSTRACT. The impact of a power plant cooling system in the Bahía Blanca estuary (Argentina) on the survival of target zooplanktonic organisms (copepods and crustacean larvae) and on overall mesozooplankton abundance was evaluated over time. Mortality rates were calculated for juveniles and adults of four key species in the estuary: Acartia tonsa Dana, 1849 and Eurytemora americana Williams, 1906 (native and invading copepods), and larvae of the crab Chasmagnathus granulata Dana, 1851 and the invading cirriped Balanus glandula Darwin, 1854. Mean total mortality values were up to four times higher at the water discharge site than at intake, though for all four species, significant differences were only registered in post-capture mortality. The findings show no evidence of greater larval sensitivity. As expected, the sharpest decrease in overall mesozooplankton abundance was found in areas close to heated water discharge.
The use of estuarine water in power plants for cooling purposes is common practice in a number of countries and has a major effect on water temperature in the estuary, causing depletion of the plankton and fish populations (WOLFF, 1990) . This negative impact on the survival and abundance of circulating plankton and ichthyoplankton was studied during the 70s and 80s (HEINLE, 1969; SUCHANEK & GROSSMAN, 1971; CARPENTER et al., 1974; ENRIGHT, 1977; CHOU et al., 1981) and more recently (CECCALDI, 1988; CIRONI et al., 1995; MAHYEW et al., 2000; MELTON & SERVISS, 2000) in Europe and USA. The biological effects of the damage can be seen in increased instantaneous and delayed mortality, the occurrence of synergistic processes related to toxic chemicals and a decrease in biomass (ENRIGHT, 1977; CAPUZZO, 1979; HUH, 1980) .
Owing to their eurythermic characteristics, zooplankton estuarine species usually display more tolerance to this type of stress than do species from other more stable marine environments. Plankton is expected to be more sensitive to thermal stress during the development stages, and meroplanktonic forms of benthic species (crabs, other crustaceans and invertebrates) are similarly expected to be less tolerant to cooling system stress factors than adults. Species react differently to the thermal stress caused by power plants in accordance with their degree of acclimation to natural temperature variations and their tolerance range. For instance, a 50 % mortality rate was observed in Acartia tonsa Dana, 1849 taken in winter from Biscayne Bay, USA, when the temperature was maintained at 32 ºC for 3h in the laboratory (REEVE & COSPER, 1970) . In the same study, A. tonsa showed acclimation to temperatures similar to those of its natural habitat in summer and less than 25 % mortality occurred when the temperature was maintained at 36 ºC for 6 h. In a study carried out on zooplankton survival at the Anclote power plant (Florida, USA) during spring, variable survival rates for A. tonsa (40 to 100%) and crab larvae (20 to 100%) were recorded at the condenser station, where average temperatures were between 29.6 and 38.1ºC with a difference of temperature (ÿT) ranging from 5.7 to 7.3ºC (MELTON & SERVISS, 2000) . This is the first study in the region aiming to: determine the impact of the power plant cooling system on the survival response of four target species in the estuary during summer-winter conditions of 1991 and 1992; test the hypothesis of higher sensitivity of larval forms; and evaluate the impact on overall mesozooplankton abundance in areas close to and at a distance from the plant.
MATERIAL AND METHODS
Study site. The Comandante Luis Piedrabuena HOFFMEYER, BIANCALANA & BERASATEGUI power plant (two 310 MW turbines) is located on the Northwestern coast of the inner Bahía Blanca estuary (38º48' S, 62º15' W), Argentina, to the east of Ingeniero White Port (Fig. 1) . Seawater for the cooling system's condensers is obtained from the estuary at a depth of about 4 m and flows through the plant at a rate of around 100,000 m 3 h -1 . Difference of temperature ( T) was calculated to be 8ºC in the plant model reference. The heated effluent is discharged into an artificial channel about 1000 m long, from which it flows into Napostá creek and then into the estuary. This discharge site is located approximately 2 km east of the cooling system's seawater intake point.
Sampling and laboratory procedures. The study was carried out from November 1990 to August 1991 and from September 1991 to August 1992, with one and two plant turbines in operation, respectively (Fig. 2) . For overall zooplankton analysis, duplicate sampling was carried out by 20 vertical hauls from a depth of 4 m to the surface at the intake and discharge points of the cooling system. A 30-cm mouth diameter, 200-µm mesh net was used, equipped with a mechanical flowmeter and a conventional bucket. Samples were preserved in 4% buffered formalin. All sampling was done during the day and under ebb tide conditions. Plant operating conditions were constant throughout each sampling period (with the cooling system functioning and the chlorination system not operating). Aliquots amounting to at least 25% of each sample were qualitatively and quantitatively analyzed. Two collections within a same month were sometimes performed in order to have sufficient data available. Overall mesozooplankton samples taken in coincident dates at Ing. White Port were used for the comparative analysis.
For mortality assessment, replicated live zooplankton sampling was carried out at the intake and discharge sites on the same dates as the other sampling by means of five vertical hauls using the same type of net mentioned above but, equipped with a mesh bag instead of a bucket. Samples were carefully placed in plastic jars inside an insulated box to avoid temperature changes during transportation to the lab. A staining experiment (using intra vital stain to sort live and dead specimens) was carried out immediately after each sampling to obtain mortality data, following the CARPENTER et al. (1974) 's protocol with modifications. A 3 l glass beaker was pre-filled with seawater filtered through a 0.45-µm mesh. A stock stain solution (1 g of neutral red powder in 100 ml of distilled water) was added to the seawater in the beaker yielding a final concentration of 1: 200,000 (DRESSEL et al., 1972) . Each complete sample was placed in the beaker for 24h at 20 ± 1ºC, sieved thereafter through a 200-µm mesh and preserved in 100 ml of 4% formalin, acidified by 1 ml of a solution of 1 N acetic acid and 1 N sodium acetate in order to maintain the pH within neutral values.
Mortality was documented only for individuals of the four target species present in the samples. Those were females, males, and copepodid I -V of the native copepod A. tonsa and of Eurytemora americana ÿ differences were found between the intake and discharge sites (p = 0.0291) for all species. No significant differences in total mortality data between copepod adults and copepodids were found after paired "t" tests at the discharge area. Seasonally, the highest observed total mortality values of A. tonsa and C. granulata larvae were in the middle of summer, whereas those corresponding to E. americana and B. glandula larvae were in winter (Tab. I).
The highest overall mesozooplankton abundance values were found at Ing. White Port and the lowest at the discharge area (Fig. 4) . Abundance values registered at the intake area were either intermediate or as low as those observed at the discharge area. Fig. 3 . Mean mortality values (+ 1 SD) as a percentage of total abundance for target species (stage/sex) from intake and discharge samples. A, pre-capture mortality; B, post-capture mortality and C, total mortality (At, Acartia tonsa; Bg, Balanus glandula; Cg, Chasmagnathus granulata; Ea, Eurytemora americana; f, female; m, male; C I-V, I-V copepodids; l, larvae).
DISCUSSION
The heated seawater effluent flows into the estuary through the Napostá Creek outlet (Fig. 1) and the surface temperature of the receiving waters at the outlet and areas around the main channel are about 1ºC below those recorded at the discharge area (pers. observ.). Turbulence caused by wind and tidal action throughout this inner estuary area (PÍCCOLO & PERILLO, 1990) probably plays a major role in temperature dissipation. Temperature data corresponding to another project (M. S. Hoffmeyer, unpubl. data), registered along the estuary main channel (Figs. 1, 5) , corroborate this trend. Only a 1-2 ºC increase over natural temperatures within ~2-4 km up and down Napostá Creek outlet were recorded from October to December 1990. These values were lower than the temperature range increase (4-6 ºC) predicted by the model of this plant's thermal impact on estuarine waters (SERMAN & PETRONI, 1985) . The highest mesozooplankton abundance at the Ing. White Port area (ca. 5,000 ind. m -3 at summer peaks) at high water confirms this trend, indicating that the site was not directly affected by power plant discharge during the study. The impact of the discharge plume was apparently restricted to a stretch of only a few km (2-3 km up and down the creek) in the vicinity of the discharge outlet (Fig. 1) . Overall mesozooplankton abundance values for Ing. White Port are in agreement with those reported for the same estuary inner zone for 1991 (HOFFMEYER, 1994) . The decrease in mesozooplankton abundance at discharge was evidently a consequence of the following factors affecting mesozooplankton survival: the direct impact of thermal shock and mechanical damage during entraining, and the indirect impact of increases in water temperature in plume and channel areas (KERAMBRUN, 1983) , in this case those areas surrounding the Napostá Creek outlet, close to the seawater intake point.
The temperature difference values ( T) obtained during periods with only one or with both turbines operating were in most cases markedly higher (reaching 10.2ºC) than those calculated using the model (8 ºC) of the plant. In considering these values, account should also be taken of the natural temperature variability in the environment. The highest temperatures registered at the discharge area during summer (December to March) obviously coincide with the highest natural temperatures in the estuary (for instance temperatures of around 33.8 ºC were recorded at the discharge area on February 5 th , 1992). The estuary surface temperature can reach 25 to 26ºC during hot summer days, causing the final temperature values at the discharge area to be as high as 34-36ºC. These values are close to or higher than the upper critical tolerance level of most marine species. For example, though A. tonsa has an exceptional eurythermic adaptation (-1ºC to +32ºC), enabling it to tolerate a considerable thermal stress (GONZALES, 1974) , its maximum tolerance level was surpassed during the summer period of the study. This explains the higher mortality rate of A. tonsa in summer, when it usually reaches maximum abundance. Chasmagnathus granulata larvae demonstrated a similar behaviour to A. tonsa, also peaking during spring-summer.
In the present study, the T of the power plant cooling system and maximum water temperatures at discharge were higher than those recorded for the Anclote power plant (MELTON & SERVISS, 2000) . This, added to the difference in latitude, differences in the natural seasonal temperature variability and in the adaptation of the species, may explain the greater impact observed on local and invading copepod species, crab and invading cirriped larvae. Mortality values at discharge were even higher than at the intake and significant differences were found in mean postcapture mortality data. Furthermore, there was a drop in overall mesozooplankton abundance related with the heating discharge in the Bahía Blanca estuary. High and also variable survival of A. tonsa and crab larvae found at Anclote power plant (Florida, USA) during spring (MELTON & SERVISS, 2000) suggest that these species are possibly adapted in that region to a narrow range of annual temperature variability (due to the low latitude), making them more tolerant to thermal stress than their counterpart in the Bahía Blanca estuary.
Balanus glandula and E. americana, a cirriped and a calanoid copepod recently invading in the estuary (WAGNER et al., 1993; HOFFMEYER, 1994; HOFFMEYER et al., 2000) , showed low tolerance to stress during their planktonic pulses at the end of winter and spring, when environmental temperatures were between 8 and 19 ºC. Since these species are winterspring forms, some of the high temperatures caused by the condensers were likely above their upper tolerance level. Despite their different origin, of all tested species, the copepods A. tonsa and E. americana appear to be just as sensitive to thermal 
